Introduction
Trace species in the atmosphere have a wide range of impacts including climate change, health, and ecosystem impacts. Metropolitan areas are characterized by concentrated emissions and large intra-urban spatiotemporal variability of greenhouse gases (GHGs) and pollutants (Baldauf et al., 2008; Christen et al., 2011) . Poor urban air quality leads to impacts on human health (e.g. respiratory, circulatory, cancer, mortality, etc. (Di et al., 2017; Landrigan et al., 2017) ) as well as cascading economic impacts (e.g. health care costs, decreased worker productivity, etc. (Zivin and Neidell, 2018) ) and environmental impacts (e.g. O 3 injury to plants, viewshed impacts from haze, etc. (U.S. EPA, 2013)). Detailed observations and models are needed to resolve the intra-urban environment in order to link human health impacts to pollutant variability and to investigate the anthropogenic, chemical, and meteorological factors controlling the variability in urban GHGs and pollutants as cities are growing (Gurney et al., 2015; Park and Kwan, 2017; Venkatram et al., 2009 ). While models of emissions have improved in temporal and spatial resolution (e.g. Hoek et al., 2008; Pouliot et al., 2012 ) the ability of current urban monitoring networks to provide constraints for these models remains limited (Air Quality Research Subcommittee, 2013; Hutyra et al., 2014) .
Currently, numerous observational configurations exist to monitor ambient concentrations of trace species across urban areas for research or regulatory purposes. Examples include monitors for U.S. Environmental Protection Agency (US EPA) Criteria Air Pollutants to comply with the regulatory requirements of the Clean Air Act, or the National Oceanic and Atmospheric Administration's Global Greenhouse Gas Reference Network that is used to conduct research on the global carbon cycle. These observations, located at fixed sites, have been maintained for decades with high precision and accuracy, and have resulted in numerous insights into health consequences of pollutants (Correia et al., 2013) or the impacts of trace species on global climate (Le Quéré et al., 2016) . However, sparse networks of stationary sites are intended to monitor air quality across large spatial scales (regional or counties) and cannot resolve spatial heterogeneities that are known to exist within urban environments.
As atmospheric monitoring instrumentation decreases in size and cost, the paradigm for urban air monitoring has evolved to include higher spatial resolution (Kumar et al., 2015; Snyder et al., 2013) . It has become possible to deploy dense networks of temporary or permanent fixed sites that can resolve intra-urban spatial patterns (e.g., (Deville Cavellin et al., 2016; Jiao et al., 2016; Matte et al., 2013; Shusterman et al., 2016) . These dense networks typically consist of many instruments that present maintenance and calibration challenges over time (Borrego et al., 2016; Kelly et al., 2017; Miskell et al., 2016; Thompson, 2016) . In the last several years, a proliferation of low-cost sensors driven by citizen science initiatives and the rapid development of micro-sensor technology has dramatically increased air quality data collection across urban landscapes, but more research on how to calibrate these low-cost sensors with research-grade instrumentation is needed (Barakeh et al., 2017; Clements et al., 2017; Zimmerman et al., 2017) . Assessing intra-urban spatial patterns has also been undertaken for research applications by deploying sensors on mobile platforms (Gozzi et al., 2016) such as automobiles, aircraft, and bicycles (e.g., (Apte et al., 2017; Hopkins et al., 2016; Lee et al., 2017; Mays et al., 2009; Van den Bossche et al., 2015) . While mobile platforms improve spatial coverage, labor costs are often considerable, limiting the longterm deployability of such mobile platforms. Hence, it is difficult to conduct manned mobile monitoring campaigns to assess changes over time or to characterize the impact of intermittent emissions on ambient concentrations without considerable cost. While both mobile and stationary sampling approaches have benefits and challenges, a well-defined best practice for sustained monitoring at fine scales of urban atmospheric trace species has remained elusive.
Here we present a new project that facilitates routine real-time monitoring of intra-urban atmospheric trace species using research grade instruments mounted on public transit light-rail vehicles that transect the Salt Lake Valley (SLV) metropolitan area at routine intervals. To our knowledge, only a few mobile urban observation networks leveraging public transit currently exist worldwide: Zurich, Switzerland (Hasenfratz et al., 2015) ; Karlsruhe, Germany (Hagemann et al., 2014) ; Oslo, Norway (Castell et al., 2015) ; and Perugia, Italy (Castellini et al., 2014) . Each of these projects have different experimental designs with a different suite of measurements, and while their utility is still being explored, it has been shown that public transit based monitoring can be used to create high-resolution maps of air pollution across urban areas (Hasenfratz et al., 2015) . Our study is the first effort to utilize public transit for urban observations of trace species in North America. Starting in December 2014, we partnered with the Utah Transit Authority (UTA) and installed instrumentation to measure carbon dioxide (CO 2 ), methane (CH 4 ), ozone (O 3 ), and fine particulate matter (PM 2.5 ) in a secure box on the roof of an electrically-powered light-rail public transit train (aka "TRAX"). A second suite of sensors on another TRAX train car was added in February 2016. Basic meteorological parameters (temperature, relative humidity, and pressure) were also measured. Additionally, temporary installations of instruments that measure black carbon and nitrogen dioxide (NO 2 ) were deployed for short periods. To facilitate public engagement, real-time data were transmitted to University of Utah servers every 5 min and made accessible via web-based visualizations (http://air.utah.edu/ and http://meso1.chpc.utah.edu/ mesotrax/).
The SLV, with a population of just over 1 million people, experiences on average 40 days annually of pollutant levels (including both summer and winter pollutant episodes) exceeding the U.S. National Ambient Air Quality Standards (NAAQS) resulting from a combination of meteorological patterns, topography, and emissions. In the winter, elevated levels of PM 2.5 result from emissions accumulating in persistent cold air pools (PCAPs; locally known as temperature inversions). On average, 6.8 PCAPs occurred each winter, with an average duration of 3.1 days, that exceeded the NAAQS for PM 2.5 of 35 μg m −3 on average 18 days per winter, however with considerable interannual variability (Whiteman et al., 2014) . During winter, the maximum (minimum) temperatures were 3.5 (−6)°C and average snowfall was 110 cm. The snow cover reflected incoming radiation, maintaining cool surface temperatures and enhanced nocturnal surface radiative cooling, resulting in stronger wintertime PCAPs when snow cover was present. During summer the average maximum (minimum) temperatures were 32 (16)°C, but there were frequent high-pressure ridges over the Western US that resulted in prolonged periods of elevated heat and stagnation. These meteorological conditions, in combination with urban precursor emissions and wildfire smoke, led to the photochemical production of elevated ground level O 3 that exceeded the NAAQS for O 3 of 70 ppb on average 22 days per year . Public awareness of the health risks associated with summertime O 3 is less than for wintertime PM 2.5 because O 3 is invisible, and high concentrations are often accompanied by fair weather. Episodic air quality reductions also result from dust storms and wild fires several times each year (Mallia et al., 2017 (Mallia et al., , 2015 Steenburgh et al., 2012) . As a result of all of these factors, intense public interest in improving air quality exists, as demonstrated by the 2016 Utah Foundation survey of voter's concerns that found air quality among the public's most pressing issues (Bateman et al., 2016) . Finally, because of the number of NAAQS exceedances, The Utah Division of Air Quality (DAQ) is currently engaged in developing a State Implementation Plan (SIP) to improve air quality to bring the state into compliance with the Clean Air Act. In addition to air quality concerns, Salt Lake City has adopted aggressive greenhouse gas emission reduction targets (Salt Lake City Corporation, 2016) that, if successful, will result in observable reductions in concentrations of GHGs in the city in the coming years. Many other public and private stakeholders are also engaged in GHG mitigation efforts as well.
Several complimentary resources are available that could assist in evaluating and utilizing the TRAX based observations. These include a high-density meteorological observation network , a GHG monitoring network , a growing low-cost citizen-science led network of air quality monitors (https://www.purpleair.com/), a small network of research-grade fixed air quality monitoring stations (Baasandorj et al., 2017) , and detailed emissions models (Patarasuk et al., 2016) . The combination of poor air quality, wide ranging interest from the public, stakeholders, governments and regulators, as well as several complimentary resources make the SLV a unique testbed for evaluating a public transit based atmospheric observation system (Lin et al., in press) .
In this paper our main goal is to provide an overview of an ongoing light-rail public transit-based observation project that has measured air pollutants and GHGs across an urban area at high resolution for the past 3 years. We describe our experimental design, present examples of how these observations can be utilized, and discuss future directions for mobile observations deployed on public transit platforms.
Materials and methods

TRAX light rail network
The SLV contains the state capital, Salt Lake City, and is located within Salt Lake County, Utah in the inter-mountain west of the continental U.S. (Fig. 1) . It is bounded by the Wasatch and Oquirrh Mountains on the east and west sides of the valley, the Traverse Mountains to the south, and the Great Salt Lake to the northwest. The TRAX light rail train network consists of over 145 electric trains servicing three lines (Red, Green, and Blue) along 94 km of rail track that provide coverage across the SLV (Fig. 1) . Urbanization along the rail lines varies from dense urban downtown regions to suburban and rural settings, and the train travels on and off major roadways. TRAX operates an older model of rail car on the Blue line, so our data are almost exclusively from the Red and Green lines. Along the Red and Green lines there are 25 and 18 passenger stops, and it takes 60 and 46 min, respectively, to complete a transect on each line. In addition to the spatial coverage, the Red line also provides a 225 m pseudo-vertical profile from the valley floor (1285 m) to the surrounding mountain foothills (1510 m). Each TRAX train car covers 18-24 transects when operating for a full day (approximately 18 h from 5 a.m. to midnight). During the period December 2014-April 2017, the trains have been deployed 760 days comprising 10,300 transects (averaging 14 transects a day and deployed 61% of days, or ∼4 days a week). When the trains were not in operation, they were often parked outside and therefore became periodic stationary observation sites that provided additional observations. Several complementary stationary GHG and air pollutant stations were located in close proximity to the TRAX route that can be used to evaluate the TRAX based measurements. This includes the DAQ Hawthorne site as well as several University of Utah air quality and GHG monitoring sites (Fig. 1) .
Instrumentation set-up
Two TRAX trains (numbered 1 136 and 1104, hereafter TRAX 1 and 2) were outfitted with sensors to measure air quality, GHGs, and meteorological parameters. Electrified trains are an ideal platform for air sampling because they have zero direct emissions and often run continuously throughout the day. The trains have electric circuitry on their roofs in steel weatherproof boxes, and our instruments were installed in one of the spare boxes (dimensions 1.5 m × 0.5 m x 0.5 m). The sample inlets extended 0.5 m above the top of the train through a pipe protruding from the metal box topped with a vent cover and were 4 m above ground level. AC power was provided with a connection into the cabin accessory outlets. Two generic computer fans provided cooling Fig. 1 . The TRAX Red, Green, and Blue train lines in the Salt Lake Valley (SLV). The University of Utah greenhouse gas monitoring network (blue triangles), research grade air quality stations (yellow squares), surface weather stations courtesy of MesoWest (black dots (Horel et al., 2002) ), and the Utah Division of Air Quality's Hawthorne site (cyan star 2 km east of where the Green and Red lines overlap) are also shown. The population density is superimposed in brown shading, and the inset shows the location of the SLV as a red box in the western U.S. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) for the instruments in the box in the summer. Table 1 lists the equipment installed on the TRAX trains, their sampling frequency, and their measurement accuracy as reported by the equipment manufacturers. The Campbell Scientific CS215-L Temperature and Relative Humidity probe and CS106 Barometer were used for the meteorological parameters. Data were recorded by a Raspberry Pi based data logger (which also controlled a valve systems for hourly automated GHG calibrations) and a Campbell Scientific data logger (CR1000). The observations were transmitted to University of Utah servers via cellular communications every 5 min. Fig. 2 summarizes the temporal data coverage by species between the start of the project through April 2017. Gaps in the data resulted from a variety of factors including train maintenance, instrument maintenance, and periods when instrument calibration parameters were unknown or unavailable (Fig. 2) . A greater number of train transects per month occurred when we requested enhanced observations during intensive field campaigns (e.g., summer 2015 and winter 2017), while decreased numbers of train transects per month occurred when the trains were undergoing maintenance.
To examine the mean variability in GHG and air pollutants over various time periods (e.g., average summertime O 3 , or annual GHGs), we calculated averages along the rail track using available transects during these periods. This was carried out by creating a track of approximately equally spaced (∼35-40 m) points along each of the train lines. Then for each transect of the train from one end of a line to the other, the data were assigned to the nearest equally spaced point along the track. Since the spacing of the points is suited for a 1-Hz sampling frequency, we linearly interpolated the observations from the E-Sampler and 2 B Ozone monitors to a 1-Hz sampling rate. If there were multiple observations at a single point (e.g. during a 45 s stop at a station where passengers boarded the train), the observations were averaged, resulting in equal spatial extent for data along each train transect. These transects could then be averaged over selected temporal periods to create a spatially explicit, temporally averaged composite of the data.
In order to correctly interpret the spatial observations, the GPS location data must be precisely synchronized with the atmospheric measurements. A time lag between the GPS and other measurements can arise from a misalignment in the clocks, but this was addressed by recording a common time stamp from the data logger to all of the data files. A secondary time lag can result from the amount of time it takes for a parcel of air to travel the length of the inlet tubing to the instrument. This was addressed empirically by identifying stationary features in the data (point source emissions, freeway, etc.) and specifying a time lag such that the feature occurs in the same place when the train was traveling in both directions (Fig. 3) . This led to a higher correlation between data averaged when the train was traveling in both directions. Time lags varied between instruments and with changes in tubing but were in the range of 1-15 s.
Calibration of the GHG measurements was conducted hourly using a working reference gas tank with known near ambient CO 2 and CH 4 mole fractions tertiary to the World Meteorological Organization X2007 CO 2 mole fraction scale (Zhao and Tans, 2006) and the NOAA04 CH 4 mole fraction scale (Dlugokencky et al., 2005) . The ozone monitors, which have been approved by US EPA as a Federal Equivalent Method (FEM), were calibrated from either the manufacturer or at a DAQ facility, while the PM 2.5 sensors were calibrated by the manufacturer approximately annually. The NO 2 analyzer has an internal metal oxide scrubber that produces NO 2 -free air that provides a zero calibration every 30 min that were subtracted from the observations. Since this instrument was installed temporarily, the NO 2 span was only calibrated twice during the year-long deployment with two different sets of L.E. Mitchell et al. Atmospheric Environment 187 (2018) 9-23 calibration equipment. In both cased there was an excellent linear response (R 2 > 0.99) but the slope of the line at the start of the deployment was 1.07 and at the end it was 0.88. We did not correct for this change over time because of the infrequency of the span calibrations and because of the different calibration equipment used. Thus, while there is likely a ± 10% uncertainty in the absolute magnitude of the NO 2 observations, prior work has found that the span changes slowly over time (Brent et al., 2013) , so the relative magnitude of the spatial patterns across the city are robust.
Evaluation against stationary sites
To evaluate our mobile measurements, we compared the TRAX observations to observations made at two stationary measurement sites located near the TRAX train lines (Fig. 4) . We evaluated the TRAX observations against the Utah Division of Air Quality (DAQ) Hawthorne site maintained by the state of Utah for US EPA regulatory purposes that is 2 km east of the train line along a section where the Red and Green lines overlap, as well as the University of Utah (UOU) site located 0.6 km north of the TRAX Red line in the northeast part of the SLV (Fig. 1) . The goal was to provide representative comparisons and an overall sense of the robustness of the TRAX data. Future work should include more detailed comparisons and include fixed sites co-located next to the TRAX train line, depending on species of interest.
For PM 2.5 we compared the TRAX observations against the hourly DAQ measurements that utilized a FEM for the month of February 2016. This time period was chosen because there was a persistent cold air pool (PCAP) event and PCAP events tend to have a large dynamic Fig. 3 . Example of an empirical determination of the time lag due to the amount of time it takes for a parcel of air to travel the length of the inlet tubing to the instrument. In the raw data, without a lag time applied to the data, a persistent feature in the CH 4 measurements along the Red TRAX line was shifted north (south) of the central location when the train was traveling northbound (southbound) (A). When a time lag was applied to the data (in this case a 9-s lag) the peak occurred in the same location when the northbound and southbound data were averaged (B). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) Fig. 4 . Comparisons of TRAX measurements against measurements made at stationary sites. The top row (panels A-C) shows comparisons of air pollutants PM 2.5 , O 3 , and NO 2 against the Utah Division of Air Quality Hawthorne site (cyan star in Fig. 1 ) while the bottom row (panels D and E) shows comparisons of greenhouse gases CO 2 and CH 4 against the UOU site (the northeastern most blue triangle adjacent to the Red line in Fig. 1 ). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) range in PM 2.5 and often do not have fine scale spatial variability (Baasandorj et al., 2017) , as discussed in the PM 2.5 results section below. Thus, for this time period, the TRAX measurements should be comparable to those at the DAQ monitoring station 2 km east of the train line. The TRAX observations were averaged over a 2.3 km long section of the train line as well as subsections where the train was moving and where it was stopped at two train stops. While the temporal spans of the measurements were different (a few minutes on TRAX vs. Hourly average at DAQ), this was the most accessible comparison to evaluate the TRAX measurements against a FEM monitoring station. We observed a good correlation for most of the month (circles); however, in the middle of the PCAP event the ambient relative humidity (RH) increased and caused the TRAX instruments to record anomalously high PM 2.5 concentrations (triangles), due to hygroscopic swelling of particles, causing the nephelometer to overestimate the PM 2.5 concentration. The MetOne PM 2.5 analyzers on the two trains both use onboard heaters to dry the air prior to measurement and we have found that they are unable to suitably dry the air when ambient relative humidity is greater Winter (summer) months were averaged over October-March (April-August). The location of the University of Utah and the UOU stationary measurement site on the northeastern foothills of the SLV is indicated with a red 'U'. Also, the location where the Red line crosses the I-15 interstate freeway, and where it passes next to a brick factory are indicated with an I-15 placard and a 'K', respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) than ∼85%. These high relative humidity conditions were infrequent and are easily identified by comparisons with the DAQ monitor, so they did not pose a problem for our experimental design and we have removed these periods from the data set. The good agreement with high R 2 values during normal operations exist regardless of whether the train was in motion or stationary, indicating that our experimental setup was not sensitive to the speed of the train (not shown).
For O 3 and NO 2 we also compared the TRAX measurements to the hourly DAQ measurements. We examined these relationships for the entire year NO 2 measurements were available (June 2016-June 2017) but found that the slope of the relationships changed during the winter, when oxidant titration could at times lead to complete titration of O 3 (Baasandorj et al., 2017) . Therefore, we excluded the winter months (November-February) from the comparison. For this comparison we again found high correlations (R 2 ≥ 0.8) that give confidence in the TRAX-based mobile observations. For the GHGs we compared the TRAX measurements and those at the UOU site during a time period with good data coverage from JuneOctober, 2015. We averaged the TRAX observations over a 1-km section of the track and compared them to the UOU observations over the same time period (∼50 s duration). Both CO 2 and CH 4 measurements had high correlations (R 2 > 0.8), indicating good overall agreement. The scatter in the comparisons is likely due to the proximity of local sources (traffic and fugitive CH 4 emissions).
Results and discussion
In the following sections, we provide examples of the observed variations in GHGs and criteria pollutants observed with the TRAX platform. Human and natural factors such as emissions from on-road, industrial and residential sources, as well as chemical processes, meteorology, and topography affect the observed concentrations. The complex wind flow patterns and vertical stability owing to the unique meteorology and topography of the SLV control to a large degree the transport and mixing of trace species in the boundary-layer. The daily cycle of heating and cooling in a mountain valley combined with thermal contrasts between the Great Salt Lake and the SLV results, in the absence of strong winds associated with synoptic weather systems, in down-valley flow (from south to north) at night and up-valley flow (from north to south) during the day throughout the year Crosman and Horel, 2016; Horel et al., 2016) . These thermally-driven circulation patterns combine with terrain-flow interactions Horel, 2015, 2014) and variations in boundarylayer depth (Whiteman et al., 2014; Young and Whiteman, 2015) to impact pollutant variability across the SLV. In addition, emissions and chemical reactions (e.g., point sources and the distance to roadway) within the complex urban landscape also drive patterns in trace species . All of the data shown in the figures and the native Google Earth KMZ files are included in the Supplementary Materials.
Greenhouse gases
Carbon dioxide (CO 2 )
The average CO 2 mole fractions in the SLV from available transects during the duration of the project (December 2014-April 2017) shows spatial patterns across roadway, neighborhood, and urban scales (Fig. 5a ). Across the metropolitan region, CO 2 mole fractions were higher in the urban center and along the north-south urban corridor in the center of the SLV while lower mole fractions were visible along the urban periphery and were lowest in the southwestern SLV near the edge of the suburban margin of the urbanized area. This mole fraction gradient pattern (sometimes referred to as an 'urban dome' (Idso et al., 2001) ; however this terminology can be misinterpreted because the measurements are all at the surface and do not characterize vertical distributions) was created by the density of emissions from the on-road, residential, commercial, and industrial sectors across the urban landscape. The SLV has one of the longest running multi-site urban CO 2 monitoring networks in the world, consisting of five sites that began operation in 2001 , which can be compared to the TRAX spatiotemporal averages. While the broad structure of the urban gradient across the SLV is observable at the fixed sites, the TRAX observations resolve the spatial structure of mole fraction gradients across the metropolitan region in much finer detail than is possible from a small number of fixed sites.
In addition to the broad spatial pattern across the city, there were smaller-scale features that were visible in the averages. Elevated CO 2 mole fractions were found along every road that the train crosses. On the Red line between the urban center and the University of Utah (2.5-6.5 km along the Red line in Fig. 5 ), the rail tracks were located in the middle of a four-lane road with heavy automobile traffic (> 20,000 vehicles day −1 in 2014 (UDOT, 2017)) and surrounded by multi-story buildings that act as an urban canyon and could reduce ground level atmospheric mixing. This combination of factors resulted in the highest CO 2 mole fractions we observed along the TRAX lines. In other areas, the train ran on a dedicated transit corridor that was not adjacent to tailpipe emissions, was in the vicinity of roads with less traffic, or was surrounded by shorter buildings, and these factors resulted in lower CO 2 mole fractions. One advantage of using a transit-based observation platform is its ability to make repeated transects on a regular basis that provides unprecedented temporal coverage for a mobile platform. With this data we can examine the spatial pattern of CO 2 mole fractions during different seasons (Fig. 5b) , days of the week (Fig. 5c) , and hours of the day (Fig. 5d ). These comparisons reveal higher mole fractions at night and during the winter months due to lower planetary boundary layers during these time periods and, during the winter, greater emissions from combustion of natural gas for home heating Pataki et al., 2003) . Lower mole fractions during the day were caused by greater atmospheric mixing as well as photosynthetic uptake of CO 2 from vegetation. The magnitude of the seasonal and diel cycles were much larger along the urban corridor where there were greater anthropogenic emissions than there were at the southwestern end of the Salt Lake Valley at the margin of the urbanized area (∼35 km in Fig. 5b ). The mole fractions along the urban corridor (10-27 km in Fig. 5c ) were also higher during the week than during the weekend due to greater levels of traffic, but this difference was not as large in the downtown core of the city (5-7.5 km in Fig. 5c ). These examples illustrate the rich temporal coverage that is possible with a public-transit based measurement platform.
Methane (CH 4 )
Numerous studies have documented CH 4 leaks across urban areas tied to industrial activities, natural gas infrastructure, and landfills (e.g. (Hopkins et al., 2016; Jackson et al., 2014; Lamb et al., 2016; McKain et al., 2015) . In the SLV, the averaged CH 4 mole fractions from available transects were characterized by distinct plumes, in contrast to the broad pattern of CO 2 (Fig. 6) . A number of the CH 4 plumes are adjacent to industrial sources including natural gas fired power plants and a brick factory that utilizes a natural gas turbine to fire its furnace, as well as landfills.
An analysis of CH 4 during different hours of the day demonstrates the ability of a public transit platform to identify intermittent emission sources (Fig. 6b) . While the CH 4 plume near the brick factory (marked by an 'K' in Fig. 6b ) and natural gas fired power plant ('P' in Fig. 6b ) along the Red line are present throughout the day, there is one plume ('X' in Fig. 6b ) that was only present during daytime working hours, indicating a source of methane likely related to commercial or manufacturing activity. Mobile measurement campaigns that only make a few passes by any particular source (e.g. using a vehicle (Hopkins et al., 2016) ) or that only operate during certain times of day or on specific days (e.g. (Apte et al., 2017) could miss intermittent sources such as those that are only present during specific times of the day or those with episodic day-to-day variability.
Air pollutants 3.2.1. Fine particulate matter (PM 2.5 )
Events when PM 2.5 concentrations exceed NAAQS in the SLV are highly episodic, so more insight can be gained by looking at specific case studies than by examining average conditions over time until numerous episodes are available to derive a climatology of various episodes (the three-year record is insufficient at this point). In JanuaryFebruary 2016 a study was conducted that examined how meteorological and chemical processes affected wintertime PM 2.5 during persistent cold air pools (PCAPs) (Baasandorj et al., 2017) , and the TRAX observations provide additional insight into the spatial variability during this study. Fig. 7 shows several 4-hr PM 2.5 averages along the Red line during the 7-15 February 2016 pollution episode, which contained eight consecutive daily NAAQS exceedances of PM 2.5 . Near the beginning of this episode on 8 February 2016 a pronounced northsouth gradient in PM 2.5 was observed along the Red line (Fig. 7a) . Meteorological observations from MesoWest stations ( (Horel et al., 2002) ; Fig. 1 ), laser ceilometers, and lidar data from field campaigns (Baasandorj et al., 2017) as well as stationary air quality sites were utilized determine the cause of this gradient in PM 2.5 and indicated that it resulted from two factors. First, relatively clean and cool drainage flow through the gap in the southern mountain foothills and downslope katabatic flows with wind speeds between 3 and 8 m s −1 was observed at the southern end of the SLV that diluted the pollutants in those locales (indicated qualitatively with arrows in Fig. 7a ). Second, a weak northerly flow in the northern Salt Lake Valley resulting from a lake breeze circulation resulted in a stagnation zone over the northern and central SLV, allowing the PM 2.5 concentrations to remain elevated there. A small but distinct plume of ∼20 μg m −3 was observed in the south-central SLV adjacent to a gravel pit, indicated with a 'G' in Fig. 7a . A week later, on the afternoon of 14 February 2016, near the end of the pollution episode, the spatial gradient in PM 2.5 had reversed, with PM 2.5 concentrations between 20 and 30 μg m −3 higher over the southern portions of the SLV (Fig. 7b) . In this case a partial 'mix-out' episode (Lareau and Horel, 2014) had partially removed the cold air and pollution in the Salt Lake Valley, but not in the Utah Valley. The stronger cold-air pool associated with colder temperatures over the Utah Valley to the south resulted in a densitydriven flow of cold, polluted air that advected north into the SLV. Finally, in the evening of 14 February, top-down erosion of the PCAP (Lareau and Horel, 2014) led to a rapid decrease in PM 2.5 on the SLV benches on the north and southern ends of the TRAX Red line and left a shallow remnant polluted layer in the lowest ∼150 m of the SLV (Fig. 7c) . Similar meteorological and pollution patterns were observed as part of an intensive field campaign during a PCAP in February 2017 (Utah DEQ, 2018) . Patterns visible in the TRAX data at other times (but not plotted here) include clean air drainage out of the surrounding canyons into the SLV and lake breezes that can transport either clean or polluted air into . The overall average (black line) in B is the same as the Red train line data shown in A. The letters in both panels indicate the locations of an intermittent plume from an unknown source (X), a natural gas power plant (P), a brick factory that uses a natural gas fired kiln (K), and a landfill (L). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) the city, depending on the composition of the air over the Great Salt Lake.
In the summer, average TRAX PM 2.5 concentrations were well below the NAAQS of 35 μg m −3 (Fig. 8) . However studies have shown that adverse health effects can arise from even low pollutant concentrations (Brunekreef and Holgate, 2002; Di et al., 2017; Franklin et al., 2006) and near-road exposure to pollutants (Chen et al., 2017; Oakes et al., 2016) . The TRAX average summer observations reveal numerous plumes of PM 2.5 associated with some roadways and several point sources (e.g. a gravel pit, brick factory, and an unidentified source, indicated by a 'G', 'K', and 'X' in Fig. 8 ).
While fine scale location-specific air quality forecasts will remain difficult to provide to the public, the observations from TRAX, in combination with a sparse network of fixed-site research and regulatory instruments and citizen-science network of lower-cost sensors , along with instruments deployed on a news helicopter (Crosman et al., 2017) , provide DAQ forecasters with improved understanding of the complex intra-urban meteorological and topographical factors that control pollutant concentrations.
Ozone (O 3 )
Periods of high summertime O 3 are typically enhanced by stagnant high pressure and high temperature; however, there are also occasional episodic periods of high O 3 resulting from smoke from wildfires and lake breezes . The spatial patterns from summer-tosummer are similar, so we focus on the summer of 2015 that was investigated as part of the Great Salt Lake Summer Ozone Study Horel et al., 2016) . The average O 3 concentrations from available TRAX transects in the summer of 2015 were 5-10 ppb lower in the urban corridor compared to the foothills (Fig. 9a) . This pattern, however, changed throughout the day with midday concentrations being homogeneous across the city while the depletion in the urban corridor occurred entirely in the evening and morning hours when residual O 3 was preferentially destroyed by enhanced nocturnal NO x build-up in the urban corridor (Fig. 9b) . These distinct spatial patterns could allow for the comparison with spatial patterns in health impacts from O 3 that may lead to advances in understanding of O 3 -related health risks. In addition to the broad spatial patterns, areas of highdensity traffic routes that are sources of NO x emissions from vehicles had sharp reductions in O 3 from near-field chemical destruction of O 3 that occurred throughout the day. These areas of depleted O 3 were evident along the freeways and are discussed in greater detail in the following sections.
Nitrogen dioxide (NO 2 )
The average distribution of NO 2 across the SLV showed similar spatial patterns as CO 2 (r = 0.83) and a strong anti-correlation with O 3 (Fig. 10 ). The broad pattern shows NO 2 concentrations that were highest in the urban core and lowest along the urban periphery. Localized enhancements were visible along many of the roadways. These spatial patterns can be more clearly understood in relation to the other species that we measured, and a discussion of these relationships follows.
O 3 -NO 2 -CO 2 relationships
Additional insight and an improved understanding of the factors controlling urban air composition can be gained by examining the relationships between several species (Fig. 11) . First, we discuss how O 3 and NO 2 are related through atmospheric chemistry; second, we examine the relationship between NO 2 and CO 2 , which are related through the combustion of fossil fuels.
The O 3 -NO 2 chemistry is well known (U.S. EPA, 2013) , and the strong anti-correlation between O 3 and NO 2 (r = −0.96) was a result of titration of O 3 by reaction with NO to form NO 2 (NO + O 3 → NO 2 ). This is particularly evident by examining the shaded regions of Fig. 11 where the train cars were in the middle of traffic in the downtown region (A), and crossed I-15, the major north-south interstate route in the SLV (B, C, and D). These instances reflect the atmospheric chemistry near highly-traveled roadways, but similar smaller features were observed near smaller roadways as well. These results, obtained with a single set of instruments, are similar to what would be expected from a large field campaign examining distance to road relationships, illustrating the utility of public transit platforms for urban air quality studies. Future work should add nitric oxide (NO) to the measurement suite to determine NO x (≡ NO + NO 2 ) and these observations could be used to improve our ability to model pollutants across the city and thereby improve high-resolution pollution exposure assessments. Understanding these processes will be important as energy efficiency and adoption of electric vehicles alter emissions patterns in urban centers. Prior modeling work has shown that future urban NO x emission reductions will lead to changes in the temporal patterns of urban O 3 , resulting in higher nighttime O 3 and lower daytime O 3 (Pfister et al., 2014) , and the TRAX platform is well suited to observe these changes across an entire urban center in real time.
To explore the relationship between NO 2 and CO 2 , we calculated the excess NO 2 and CO 2 concentrations by subtracting a qualitative estimate of background conditions (4 ppb NO 2 and 405 ppm CO 2 , slightly below the minimum in the spatial averages in Fig. 11 ) and then calculating the excess NO 2 /CO 2 (ppb/ppm) ratio. Both NO (which is quickly titrated to NO 2 by O 3 ) and CO 2 are co-emitted during the combustion of fossil fuels, but the ratio between them differs by source sector, fuel type, as well as vehicle speed, weight, age, and other factors (Jung et al., 2011) . The impact of these differences can be most clearly seen by comparing the fine scale variations in the ratio in the shaded regions A-C in Fig. 11 . In region A the train was in the middle of traffic on surface streets in downtown and the ratio was low. In contrast, in regions B and C where the train crossed the I-15 interstate with a different vehicle fleet composition moving at faster speeds, there were small peaks in the ratio. These observations provide useful targets for future work evaluating vehicle emissions in real world driving conditions and can also be compared to ratios measured at stationary tower sites during episodic periods of poor air quality . Fig. 12 shows an expanded view of the shaded region D from Fig. 11 where a large persistently elevated NO 2 plume was seen. A close examination reveals that the NO 2 plume had two sub-peaks. The NO 2 peak at ∼16.4 km where the Green line crossed I-15 was coincident with a narrow peak in CO 2 , and because there was a proportional increase in both species at this location there was a negligible effect on the excess NO 2 /CO 2 ratio (red shading). Conversely, the peak centered at ∼16.8 km (blue line) is more clearly resolved in the excess NO 2 /CO 2 ratio that reveals a much larger and broader NO 2 plume and suggests that the NO x emissions from the freeway traffic were small compared to this other source. This second peak was centered over a Union Pacific rail yard 0.4 km west of the I-15 freeway that uses diesel powered switchyard locomotives to move rail cars around the rail yard (the location of the rail yard can be more clearly seen in the Google Earth KMZ supplementary materials). These switchyard locomotives comply with older (Tier 0 or 0+) locomotive emission standards (Sowards, G., personal communication, 2017 ) that have a high NO x /CO 2 emission ratio (U.S. EPA, 2016). The north-south extent of the excess NO 2 /CO 2 ratio can be observed along the Red line for ∼6 km (between ∼8 and 14 km, Fig. 11 ). Since these values were averaged over an extended time period, it is expected that day-to-day wind conditions would spread this plume of higher NO 2 in different directions across the SLV. Upgrading the switchyard locomotives to newer models (Tier 4) would reduce NO x emissions by 90% and may be a cost-effective way to reduce emissions of this air pollutant (U.S. EPA, 2016).
These relationships illustrate the variety of impacts that fossil fuel combustion has on the composition of urban air. By measuring both GHGs and air pollutants, it will be possible to gain a greater understanding of the complex relationships between these species during different seasons and times of day as a result of emissions from anthropogenic and natural (e.g. biogenic) sources as well as secondary atmospheric chemical reactions. As efforts to improve air quality or reduce GHG emissions lead to lower emissions in urban centers, measurement platforms that have the ability to monitor these species across space and time will be able to track the evolution of urban air composition across cities in a unique way.
Future directions
We continue to collect data in real-time from the TRAX platforms. The long-term data archive, combined with other research and regulatory air quality observational networks, provide the opportunity to establish the Salt Lake Valley as an interdisciplinary laboratory for continued health science and air quality research that would benefit the public, urban planners, policy makers, and air quality forecasters. The research-grade instrumentation installed on the light rail train also has potential future value as a tethering system for calibrating lower-cost air quality sensors spatially distributed along the rail line. Utilizing public transit for urban atmospheric monitoring also provides a proof of concept that could be implemented in other urban regions throughout the world.
Disseminating real-time public transit air quality observations can be a powerful tool for science communication and could potentially boost public transit ridership. By taking public transit, customers can contribute to air quality monitoring while also reducing their own emissions and therefore improving air quality. Since ridership depends on factors such as satisfaction, perceived value, and personal Fig. 7a , the brick factory shown in Fig. 5 and 6 , and an unidentified PM 2.5 source, respectively.
L.E. Mitchell et al. Atmospheric Environment 187 (2018) 9-23 involvement (Lai and Chen, 2011) , the partnership established here with the public transit authority could increase the perceived value of public transit and increase ridership. The repetitive nature of the TRAX transects gives insight into many processes that control the urban atmosphere and its linkages with human health and socioeconomic activities. The spatial extent of the TRAX rail network provides an excellent framework for these data to be used in combination with fixed observations sites to evaluate urban emission modeling and emission inventories of multiple species. Measurements of CO 2 could be used to monitor urban fossil fuel emissions and evaluate progress towards emission reduction targets such as Salt Lake City's goal of reducing greenhouse gas emissions by 50% in 2030 and 80% by 2040 compared to a baseline in 2009 (Salt Lake City Corporation, 2016). For CH 4 , examining and modeling the temporal signature of emissions from point sources could lead to new insight into the processes causing fugitive emissions (i.e. if they are associated with leaking infrastructure or if they are associated with operations). Integrating air quality observations from available sources could be used to improve atmospheric models and estimates of pollutant exposure across urban areas and investigate the relationship with demographic characteristics and environmental justice issues. These observations and models could then be tied to spatially explicit human health impacts to improve our understanding of dose-response relationships at fine spatial scales across urban areas, which is relevant for public stakeholders and policymakers. These observations could also be used within a multi-species framework that leverages different emission patterns to reduce uncertainties in atmospheric transport, particularly during persistent cold air pools that are challenging to model and result in frequent violation of NAAQS. Also, the spatial footprint of the TRAX network (∼25 km North-South and ∼15 km East-West) may be suitable for ground-based evaluation of remote sensing instruments (i.e. satellite and aircraft) that are increasing their resolution to understand urban emissions and other processes with fine spatial variability. These data could also be used to compare and evaluate and calibrate high-density networks of low-cost instruments, such as the Purple Air network of low-cost air quality sensors . Improving our understanding of urban GHG emissions and air pollutants will give policy makers vital information that will enable L.E. Mitchell et al. Atmospheric Environment 187 (2018) 9-23 them to plan for how future urban growth will affect emissions and air quality. Finally, the real-time data can be used directly by the public to make informed decisions about their personal exposure to pollutants during their daily activities (e.g. recreation), and social scientists could study how access to spatially explicit real-time air quality information affects behavior. While this initial study utilized only two light-rail train cars, it demonstrates the potential for leveraging public transit vehicles as a monitoring platform. This measurement strategy provides a cost-effective way to obtain spatial and temporal coverage across urban areas where GHG emissions and air quality health impacts are concentrated. Other modes of public transit (e.g. electric buses) could also be developed to expand this measurement strategy to other cities to better understand air quality across urban areas worldwide. Fig. 12 . Relationships between species illustrating sources of NO 2 and CO 2 along a subsection of the Green line. The Union Pacific rail yard and I-15 interstate highway are indicated with a blue line and red shading respectively in the left panel and with icons in both the left and right panels. The scale in the left panels corresponds to the shading in the right panels. Note that these Google Earth images are looking northwest to see the Union Pacific rail yard that is just south of the TRAX rail line, whereas the prior Google Earth images were looking southeast. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
